C ardiovascular disease is the leading cause of morbidity and mortality, and high blood pressure (BP) is the primary modifiable risk factor.
C ardiovascular disease is the leading cause of morbidity and mortality, and high blood pressure (BP) is the primary modifiable risk factor. 1, 2 Accurate measurement of BP is, therefore, critical for the appropriate management and prevention of cardiovascular disease. Current guidelines for the management of hypertension are based on brachial cuff BP. However, in some instances, intra-arterial radial systolic BP has been used as the reference standard for testing the validation of brachial cuff BP devices. [3] [4] [5] [6] [7] [8] [9] Moreover, intra-arterial radial systolic BP is routinely used as an analogue of brachial BP (see the onlineonly Data Supplement for the reference list of 52 articles) and even cited as the gold standard reference in protocols comparing multiple noninvasive BP methodologies. 10 These are important considerations for the emerging wearables market seeking to measure biometric data, including BP, from wrist-worn smart watch-like devices, and integrating this information into digital health records for informing medical management. It is critical that these devices are validated appropriately to understand exactly what is being measured and how this may advance clinical practice. To date, differences between intra-arterial brachial and radial BP are not definitively known.
From central to peripheral arteries, the arterial pulse is (on average) amplified as systolic BP increases, but diastolic BP and mean BP remain relatively constant. 11 Indeed, amplification of systolic BP between the aorta and brachial artery is a well-established phenomenon. 12 However, studies reporting differences in systolic BP between the brachial and radial artery are sparse. A few small invasive studies have shown average increases between 4 and 12 mm Hg in systolic BP from the brachial to radial artery. [13] [14] [15] [16] Additionally, noninvasive studies have estimated average increases between 6 and 15 mm Hg in systolic BP. [17] [18] [19] [20] However, some investigators have assumed that amplification of systolic BP through the upper limb terminates abruptly at the brachial artery. Indeed, the notion of further systolic BP amplification from the brachial to radial arteries has been pejoratively labeled as a nonphysiological Popeye phenomenon, named after the fictional cartoon character with oversized forearms. 21, 22 However, the magnitude of difference in systolic BP between the brachial and radial artery has never been accurately quantified using intra-arterial methods in a large number of participants, and this was the aim of this study.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Participants
A total of 303 participants with indications for coronary angiography were approached for inclusion in this study. This occurred at the Royal Hobart Hospital catheterization laboratory waiting bay before the clinical procedure in which invasive BP measurements were recorded at central and peripheral arterial sites. Exclusion criteria for the study comprised factors that may have adversely influenced the accuracy of the data and included arrhythmias or aortic stenosis (n=18), technical (n=16) or medical (n=39) issues that arose during the study, and interarm cuff systolic or diastolic BP difference >5 mm Hg (n=23). Furthermore, participants were excluded if access to the right radial artery was unsuccessful (n=17); a further 10 individuals did not provide consent. A total of 180 individuals were included in the final analysis. Data from some of these individuals using the same invasive BP measurement protocol have previously been published. 23 The study was conducted at the Royal Hobart Hospital, Tasmania, Australia. Ethical approval was provided by the University of Tasmania Human Research Ethics Committee, and all participants provided written informed consent. This study was conducted in accordance with the principles of Declaration of Helsinki.
Study Protocol
Eligible participants were identified via the attending medical staff. Participants attended the catheterization laboratory in a fasted state. To determine interarm BP differences, cuff BPs were measured on both arms simultaneously using identical oscillometric BP devices (UA767; A&D Medical, Tokyo, Japan). These measurements were made in the waiting bay before the angiographic procedure, and participants were in either a supine or semirecumbent posture. After completion of the clinical angiographic procedure, intra-arterial BP waveforms were recorded consecutively at the aorta, brachial, and radial arteries. Participants' clinical information was collected from the Royal Hobart Hospital digital health records, including coronary angiography preassessment documentation, which included anthropometric measurements and clinical history.
Intra-Arterial BP
Immediately after coronary angiography, intra-arterial BP waveforms were recorded using a fluid-filled catheter (5F in 54% of cases, and 6F in 46% of cases) via right radial access. Intra-arterial BP waveforms were recorded consecutively at the aorta, brachial, and radial arteries in a supine posture. First, the catheter was positioned in the ascending aorta where a minimum of 20 seconds of stable BP waveforms were recorded. Immediately after successful capture of aortic BP waveforms, the catheter was pulled back to the brachial artery (mid-humerus), and further 20 seconds of stable BP waveforms were recorded. Finally, after successful capture of brachial BP waveforms, the catheter was pulled back to the radial artery where a minimum of 20 seconds of stable BP waveforms were recorded. The sheath used to introduce the catheter into the radial artery lumen was partially removed to facilitate recording of radial BP waveforms as distal as possible at this site (see the online-only Data Supplement for example). All BP waveform recordings were made via an analogue to digital converter at a frequency of 1000 Hz (LabChart 7; AD Instruments, Bella Vista, Australia). Catheter position was confirmed by fluoroscopy at each arterial site (see the online-only Data Supplement for example) and the catheter flushed before any waveform recordings were made. Furthermore, pop tests were performed to confirm appropriate dynamic response of the fluid-filled catheter system as described by Gardner. 24 For all intra-arterial BP recordings, participants were clear of acute-vasoactive medication and were asked to remain still and refrain from talking as per guideline recommendations. 25 
Statistical Analysis
Data are expressed as mean±SD or n (%). All statistical analyses were performed using R, version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria). Differences between continuous variables were assessed by paired samples t tests or 1-way ANOVA with Tukey honest significant difference for post hoc comparisons. Associations of brachial to radial intra-arterial BP differences were assessed using bivariate and multivariable linear regression. A P <0.05 was considered statistically significant.
Results

Participant Characteristics
Participant characteristics are representative of a population undergoing coronary angiography and are presented in Table 1 . Participants were predominantly male, middle to older age, and overweight. Furthermore, the majority of participants had self-reported, clinically diagnosed hypertension, hyperlipidemia, a family history of cardiovascular disease, and had disease in at least 1 coronary artery (Table 1) .
Brachial to Radial Intra-Arterial BP Differences
Data relating to brachial and radial artery BP, mean arterial pressure, and heart rate are presented in Table 2 . On average, radial systolic BP was higher than brachial systolic BP ( Figure 1A ). However, only 43% (n=77) of participants had radial systolic BP within ±5 mm Hg of brachial systolic BP ( Figure 1B ) Additionally, 46% of participants had radial systolic BP >5 mm Hg higher than brachial systolic BP ( Figure 1C ). From this group of participants, 19% (n=34) of participants had radial systolic BP between 5 and 10 mm Hg higher than brachial systolic BP (mean radial, 140.3±15.1, versus mean brachial, 132.4±14.6 mm Hg; P<0.001), 13% (n=24) of participants had radial systolic BP between 10 and 15 mm Hg higher than brachial systolic BP (mean radial, 144.6±18.8, versus mean brachial, 132.2±18.6 mm Hg; P<0.001), and 14% (n=26) of participants had radial systolic BP >15 mm Hg higher than brachial systolic BP (mean radial, 163.9±22.0, versus mean brachial, 142.4±20.5 mm Hg; Figure 2 . Bivariate and multivariable analyses were performed to determine associations of brachial to radial systolic BP differences, and results are presented in Table 3 . Additionally, on average, radial diastolic BP was slightly, but significantly, lower than brachial diastolic BP, and there were similar findings for mean arterial pressure (Table 2 ).
Aorta to Radial Intra-Arterial BP Differences
Mean aortic systolic BP was 130.0±21.4 mm Hg. On average, the difference between aortic and radial systolic BP was 12.9±12.8 mm Hg. Differences in systolic BP from the aorta to brachial and brachial to radial arteries accounted for 57% and 43% of the overall difference between the aorta and radial arteries, respectively.
Discussion
This study sought to determine the magnitude of difference in intra-arterial BP between the brachial and radial artery. The principal findings were that intra-arterial brachial systolic BP was not equivalent to the intra-arterial radial systolic BP. Individuals with brachial systolic BP within ±5 mm Hg of the radial systolic BP represented only 43% of our study population, whereas the majority of individuals (57%) had >5 mm Hg difference in systolic BP between brachial and radial artery. A sizeable 14% of participants had systolic BP differences >15 mm Hg. These findings are highly relevant to validation protocols of brachial cuff devices where an intra-arterial standard is used and new wearable devices that purport to measure BP from wrist arteries.
After ventricular ejection, a pressure wave propagates from the large elastic central arteries to smaller muscular arteries in the periphery. Changes in arterial properties and partial reflection of the pressure wave at sites of impedance mismatch amplify systolic BP. However, few studies have reported on intra-arterial systolic BP differences between the brachial and radial artery, and those that have are limited by small sample sizes (eg, 4 [minimum] to 12 [maximum]). [14] [15] [16] Some noninvasive studies have attempted to quantify the magnitude of systolic BP difference between the brachial and radial artery, [17] [18] [19] [20] and although these relied on potentially inaccurate cuff BP and physiological assumptions (ie, equivalent mean and diastolic BP between the brachial and radial artery), investigators came to similar conclusions as our current study. Indeed, Segers et al estimated the average brachial to radial amplification to be 6.6 mm Hg, whereas Verbeke et al estimated 5.8 mm Hg. However, a point of difference is that these studies found brachial to radial amplification to be the dominant contributor of aortic to radial systolic BP amplification (eg, 65%-80%), whereas in the present study, brachial to radial amplification accounted for just 43% of the overall increase in systolic BP amplification.
Our data confirm that the Popeye phenomenon is a genuine physiological occurrence with relatively high prevalence and not a fictional issue. Indeed, our findings are unsurprising when the underlying structure and physiology of central to peripheral arteries are considered. For example, there are significant changes in arterial properties between the brachial and radial artery that would be expected to modify the pressure wave and particularly effect systolic BP. Such changes include arterial tapering and increased stiffness; arterial bifurcations and increased impedance in the distal vasculature located near and within the hand. 26 In our own study, a lower radial augmentation index was independently associated with higher brachial to radial systolic BP amplification (Table 3 ). The radial augmentation index is a composite index of multiple factors, including arterial stiffness and wave reflection, and these will influence large artery blood flow and BP transmission characteristics. Our previous investigations have shown that the product of brachial flow and diameter is related to reduced brachial to radial systolic BP amplification in patients with type 2 diabetes mellitus. 20 Altogether, the notion that there is never major amplification of systolic BP between the brachial and radial artery 21 does not seem plausible. Instead, there was significant between-individual variability in brachial to radial systolic BP, similar to that observed in other studies along the aorta-brachial pathway. 12, 14, 27, 28 Understanding the intra-arterial BP difference between the brachial and radial artery is important for protocols used in validation studies of noninvasive brachial cuff BP devices when intraarterial radial systolic BP is used as the reference standard. [3] [4] [5] [6] [7] [8] [9] Such studies assume equivalence of systolic BP between the brachial and radial artery. However, as we have shown, this is not a valid assumption and appears to be an underappreciated issue. Even the current gold standard noninvasive BP measurement via auscultation was originally validated by comparison with intra-arterial BP measured at the radial artery. 29 It is important to note that brachial cuff systolic BP systematically underestimates the true intra-arterial brachial systolic BP by 5.7 mm Hg. 30 Additionally, if we take into consideration the true intra-arterial difference between the brachial and radial arteries (averaging 5.5 mm Hg), the average difference between brachial cuff systolic BP compared with intra-arterial radial systolic BP could be as high as 11 mm Hg. Moreover, because of the large individual variability in the level of differences between intra-arterial brachial and radial systolic BP, the magnitude of difference would have substantial range (eg, between 0 and 40 mm Hg). This exemplifies the need to ensure that the accuracy of BP devices, whether Multivariable model is adjusted for height, smoking status, presence of coronary artery disease (defined as mild to severe disease in at least 1 coronary artery), radial augmentation index, and radial pulse pressure. B is the unstandardized coefficient, and β is the standardized coefficient. measured at the brachial or radial arteries, is assessed by comparison with intra-arterial measurement at the same arterial site.
The development of devices that measure BP from wrist arteries underlies a larger trend toward measuring more biometric data from wrist-worn wearable devices. [31] [32] [33] However, it is unclear as to what BP these wrist-worn devices purport to measure (brachial, radial, or some other BP?). This is an important consideration because most of the clinical evidence for BP and the current guidelines for the management of hypertension are based on BP measured at the brachial artery, albeit using cuff devices with variable levels of accuracy. 30 Yet, it remains to be determined whether newly emerging wearable BP devices can consistently and accurately reproduce a clinically meaningful systolic BP. That is, one that represents the BP exposure to the end organs affected by hypertension. Furthermore, the potential for large-scale distribution of wearable technologies among the general public emphasizes the need for rigorous validation of these devices to ensure accuracy and clinical usefulness. 34 Finally, our observations also have implications for devices that record BP waveforms noninvasively from the radial artery for the purpose of estimating central BP. The recorded radial artery BP waveform is often calibrated to a brachial cuff systolic and diastolic BP. However, this omits potential differences in systolic BP between the brachial and radial artery and may contribute a significant source of error in the estimation of central BP. 25 A strength of the present study is that, to our knowledge, this is the first study of this size and rigor to quantify the magnitude of difference in intra-arterial BP between the brachial and radial arteries. Limitations include the use of fluid-filled system for invasive BP measurements; however, rigorous quality control measures were used according to guideline-recommended protocols 25 and thus are unlikely to be a major limiting factor. Another limitation is lack of data on the test-retest or visit-to-visit reproducibility of the intra-arterial BP measurements. This was not possible because of time constraints of the clinical environment and ethical issues of conducting repeat invasive measures at separate visits. Furthermore, this study was not designed to determine mechanisms of brachial to radial systolic BP differences, and this should be addressed by future investigations. Finally, the study was undertaken in a cohort of patients undergoing coronary angiography. Therefore, our cohort may not be representative of the general population or the kinds of subjects that may participate in validation studies of wrist-worn wearable devices.
Perspectives
We have shown that systolic BP measured at the radial artery is not representative of brachial systolic BP. Therefore, validation testing utilizing intra-arterial BP as the reference standard should use intra-arterial BP measured at the same arterial location as the brachial cuff or wrist-based wearable device. Furthermore, the rapidly growing wearable technology market could provide easy access to regular BP assessment to a significant portion of the general public. However, caution should be applied when comparing BP values obtained from wearable wrist-worn devices with the clinical brachial cuff BP standard; particularly when the wearable device is touted as being useful for guiding the management of hypertension. 
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